The gene encoding the 25-hydroxyvitamin D-1 hydroxylase (CYP27B1) is expressed in cells from a variety of tissues of endodermal, ectodermal and mesenchymal origin [1] . In spite of this fact, the physiological impact of extrarenal CYP27B1 remains controversial. Studies in vitro using a variety of non-renal cell types have shown that the CYP27B1 catalyzes localized conversion of pro-hormone 25-hydroxyvitamin D (25OHD) to active 1,25-dihydroxyvitamin D (1,25(OH)2D; reviewed in [2]). However, the relevance of this event in vivo is less clear. While global knockout models of the mouse Cyp27b1 [3, 4] has shed some light on this issue, it continues to be difficult to delineate between effects of circulating 1,25(OH)2D generated by the kidney and tissue-specific effects of 1,25(OH)2D synthesized by the extrarenal CYP27B1. In studies using a promoter-reporter cDNA to knockout the mouse Cyp27b1 gene DeLuca and colleagues observed that active transcription of Cyp27b1 was only evident in two tissues, the kidney and the placenta [4] . The overall conclusion drawn from these data was that expression of the CYP27B1 in healthy mice is very limited without an additional stimulus. However, more recent work using a chondrocyte-specific knockout of Cyp27b1 in the mouse resulted in an animal possessing a wide range of bone and growth plate abnormalities [5] with the opposite phenotype being observed in mice with transgenic over-expression of the Cyp27b1 in the chondrocyte [6] . It is these kinds of tissue/cell specific gene results that lend credence to the idea that expression of CYP27B1 in other tissues/cells, such as in bone-forming osteoblasts [7, 8], is associated with vitamin D function in vivo. Similar models of tissue-specific CYP27B1 expression, synthesis of 1,25(OH)2D and concomitant localized, intracrine, signaling via the vitamin D receptor (VDR) have been proposed for other tissues such as the skin [9] , parathyroid glands [10], prostate gland [11] and breast [12] . Conclusive evidence for local generation of 1,25(OH)2D from 25(OH)D in these tissues in vivo has yet to be © 2012 Elsevier Inc. All rights reserved.
other words, when the serum 25OHD level goes down the inflammatory cell 1,25(OH)2D synthetic rate will also fall [13] .
Finally, as will be discussed later in this review, it must be noted that although extrarenal synthesis of 1,25(OH)2D was first described nearly thirty years ago in association with the human disease sarcoidosis [18, 19] . The key advance in linking this to normal human physiology arose from the cloning of the gene for 1α-hydroxylase (CYP27B1) [20] . Interestingly, the human CYP27B1 cDNA was cloned from keratinocytes [21] , not the kidney, as one might have expected. The keratinocyte as a bona fide extrarenal source of 1,25(OH)2D in normal human physiology remains debatable. Analysis of mice in which both copies of the Cyp27b1 gene has been replaced by a LacZ reporter cDNA suggests that the enzyme is poorly expressed in the skin [4] . Nevertheless, other studies using mice with gene ablation of Cyp27b1 have confirmed that synthesis of 1,25(OH)2D is required for normal differentiation and function of epidermal keratinocytes [22, 23] ; similar observations in humans that are null for the CYP27B1 gene have not been made. Regardless, in the absence of a tissue specific knockout of the Cyp27b1, the importance of epidermal 1,25(OH)2D production versus renal synthesis of the hormone in mediating its effects on the skin has yet to be confirmed.
The 1-hydroxylase and extrarenal synthesis of 1,25(OH)2D in normal physiology Placenta
The human placenta is a chimeric structure consisting of elements originating from both the mother and the fetus. The placenta is connected to i) the umbilical artery coming from the fetus; ii) the umbilical vein draining a mixture of maternal and fetal blood back to the fetus, iii) maternal arteries delivering oxygenated blood and nutrients, including 25OHD, to the placenta and iv) maternal veins draining a mixture of maternal and fetal blood back to the general maternal circulation. The placenta was one of the first sites reported to exhibit extrarenal 1α-hydroxylase activity [24] , with the CYP27B1 being detected in both maternal decidual, stromal cells and resident macrophages and fetal trophoblast [25, 26] ; all of the 1,25(OH)2D producing cells in the placenta are of mesenchymal origin as are the tubular epithelial cells of the kidney, the home to the endocrine source of 1,25(OH)2D. As such, during human pregnancy, there are five potential cellular sites for expression of the CYP27B1 gene: 1] the maternal kidney; 2] the decidual, stromal cells of the maternal side of the placenta; 3] the fetal kidney; 4] the trophoblast on the fetal side of the placenta; and 5] the macrophage on either side of the placenta. To make the issue even more complicated is the fact that the intervillous space of the placenta can serve as a site for admixture of 25OHD from the maternal circulation and potentially 1,25(OH)2D originating from cells in the fetus as well as on the fetal side of the placenta (see below). The question remains which one or combinations of these sites harboring the CYP27B1 gene and CYP27B1 enzyme contributes to the circulating concentration of 1,25(OH)2D in the mother and in the fetus.
The first point to be made in this regard is that, while 25OHD crosses the placental from mother to child [27] , 1,25(OH)2D does not [28, 29, 30, 31, 32] . This suggests that the maternal kidney is not a source for 1,25(OH)2D in the fetal circulation. In fact, there is no correlation between the maternal and fetal serum levels of 1,25(OH)2D [33] with total concentrations of 1,25(OH)2D on the fetal side of the placenta, from either fetal artery of vein, always lower than that of the mother [34] . The second point to be emphasized is that the increase in maternal 1,25(OH)2D levels during pregnancy is at least partially due to expression of the CYP27B1 and 1-hydroxylating activity in the maternal kidney and not the result of decreased clearance of the hormone from the maternal circulation [35, 36] . With these two realities in mind then, what is the evidence that 1,25(OH)2D produced by the placenta, incompassing both fetal and maternal elements, is a source for 1,25(OH)2D reaching the circulation of the mother? The most convincing evidence that this situation does exist comes from pregnant, nephrectomized rodents and functionally anephric humans. Injection of 25OHD3 to a nephrectomized rat results in the appearance of 1,25(OH)2D3 in the maternal serum of pregnant but not of non-pregnant animals [37] . A human example is the case of a woman with chronic renal failure and barely detectable serum 1,25(OH)2D whose 1,25(OH)2D levels increased significantly during pregnancy [38] . In situations like those alluded to above, where maternal renal 1,25(OH)2D synthesis is dramatically impaired or absent, it is arguable that the 1,25(OH)2D in the maternal circulation may derive from the maternal placenta, the fetal side of the placenta or the fetal kidney. There are two lines of evidence to suggest that 1,25(OH)2D in the maternal circulation does not originate from the fetal side of the placenta or the fetal kidney. The first comes from experiments performed in the CYP27B1-null Hanover pig [37] . These animals show no increase in serum 1,25(OH)2D levels through pregnancy, even when the mother is carrying CYPY2B1 +/− offspring. The other line of evidence comes from the early human studies of Steichen et al [33] who demonstrated that preterm infants harbor serum 1,25(OH)2D levels that are only about 25% of those observed in the mother and do not increase significantly until 24 hours after birth. In sum and recalling that 1,25(OH)2D does not readily cross placenta, the above-described data indicates that the maternal side of the placenta contributes to the circulating level of 1,25(OH)2D in the mother. Less certain is how much the fetal side of the placenta contributes to the 1,25(OH)2D level of the fetus.
Working from the supposition that the neither fetal nor the maternal side of placenta is generating 1,25(OH)2D to be used for calcium and phosphate homeostasis by the fetus [39] , it has been suggested that 1,25(OH)2D made by the placenta is not meant to function as a hormone, but as an immunomodulatory cytokine to i) prevent rejection of the fetus, ii) prevent a graft-(fetus)-versus-host (mother) reaction and iii) promote the orchestrated innate and adaptive immune response to prevent microbial invasion of the fetal-placental unit during pregnancy [40] . If this is the case then the CYP27B1 in the placenta functions more as it does in inflammatory cells and less like it does in the kidney (see Table 1 ). One indication that this is the situation is the fact that activity of the CYP27B1 in human placenta, especially during the in 1 st and 2 nd trimester, is paralleled by similar patterns of expression for VDR in the placenta [41, 42] . In the kidney, a rise in the serum 1,25(OH)2D would result in an increase in expression of CYP24A1 gene that encodes the 1,25(OH)2D and 25(OH)D catabolic 24-hydroxylase enzyme. However, just as is the case with the CYP24A1 in the macrophage (see below), 24-hydroxylating activity actually decreases, not increases, in 1 st and 2 nd trimester placentas [41] . This results in a net increase in 1,25(OH)2D synthesis by the placental unit, an event that is particularly pronounced during the first six months of pregnancy. The decrease in CYP24A1 gene expression and CPY24A1-hydroxylating activity appears to be due to extensive methylation of the CYP24A1 in placental tissue leading to transcriptional silencing of the enzyme [43] ; such a means for silencing 24-hydroxylating activity may be specific for the placenta and independent of alternative splicing of the CYP24A1 gene as occurs in macrophages (see below).
Furthermore, the presence of VDR in a variety of placental tissues is consistent with an intracrine, autocrine or paracrine mode of vitamin D action at the fetal-maternal interface, similar to that observed in the immune system [44, 45] . This stems in part from the recognized immune activity within the wide variety of cells that make up the placenta as a whole. Both maternal and fetal cells are involved in mediating innate [46, 47, 48] and adaptive [49, 50] immune responses. In particular, the placenta expresses a wide range of antibacterial [51, 52, 53] and antiviral factors [54] , which may act as targets for the high levels of local 1,25(OH)2D production within the placenta. Experiments using human placental tissue and cells have shown that 25OHD and 1,25(OH)2D induce expression of the antimicrobial cathelicidin gene in both the maternal decidua and fetal trophoblast, leading to enhanced bacterial killing [55] . Similar studies have also highlighted the anti-inflammatory action of 25OHD in placental cells following local conversion via the CYP27B1 [56] . The significance of this has been further endorsed in vivo using mice with ablation of the Cyp27b1 gene; knockout of Cyp27b1 within the fetal component of the placenta alone was sufficient to greatly exacerbate inflammatory responses to the pathogen-associated membrane pattern (PAMP) and Toll-like receptor-4 (TLR-4) ligand, lipopolysaccharide (LPS) [55] ; see section entitled "The extrarenal synthesis of 1,25(OH)2D in pathopysiological states" below.
In view of the above in vitro and animal data that strongly suggest that a key function of CYP27B1 in the placenta is to support antibacterial and anti-inflammatory actions, it is not surprising that maternal vitamin D-insufficiency is associated with increased rates of bacterial vaginosis in the 1 st trimester of pregnancy [57] . Other reports have described association between impaired vitamin D status in pregnant women and risk of maternal to child transmission of the human immunodeficiency virus (HIV) [58] ; it is hypothesized that the lower levels of HIV transmission under conditions of vitamin D-sufficiency may be due to improved innate immune response to infection in these women. Given the fundamental role of the placenta in vertical transmission of HIV from mother to the fetus [59] , it is possible that 1,25(OH)2D-induced innate immune responses within the placenta plays a role in combating viral infection during pregnancy. Other groups have reported altered levels of the CYP27B1 in placentas from preeclampsia pregnancies [59, 60] , and this may be linked to epidemiology indicating that vitamin D deficiency significantly increases the risk of preeclampsia [61, 62, 63] . In conclusion and in concert with current evidence suggesting that placental production of 1,25(OH)2D is not needed for development of the fetal skeleton or the maintenance of maternal skeleton [13] , an immunomodulatory role for placental 1,25(OH)2D production seems highly likely [64] .
The extrarenal synthesis of 1,25(OH)2D in pathophysiological states
Clinical evidence for disease-associated, 1,25(OH)2D-directed dysregulation of calcium balance (Table 2) The association of dysregulated calcium homeostasis and the prototypical granulomaforming disease sarcoidosis was established in 1939 by the work of Harrell and Fisher [65] ; in fact, data suggest that i) mild to severe hypercalcemia is detected in 10% of patients with sarcoidosis and ii) up to 50% of patients will become hypercalciuric at some time during the course of their disease [66] . Two early clinical observations suggested dysregulated metabolism and action of vitamin D was implicated in the pathogenesis of abnormal calcium metabolism: 1] patients with sarcoidosis who had hypercalcemia or hypercalciuria (or both) absorbed high amounts of dietary calcium; and 2] normocalcemic patients were prone to hypercalcemia after receiving small amounts of vitamin D or ultraviolet light [67] . Based on the seminal observations of Fuller Albright [68] that i) a diet low in calcium seldom induces a normocalcemic state in sarcoidosis patients with moderate to severe hypercalcemia and ii) urinary calcium excretion often exceeds dietary calcium intake, Fallon [69] proposed that accelerated bone resorption was the most important contributor to the pathogenesis of hypercalciuria and hypercalcemia in these patients. More recent studies have demonstrated that generalized, accelerated trabecular bone loss occurs in patients with sarcoidosis before institution of steroid therapy [70] ; these investigators showed that i) bone mass was significantly decreased in patients with active sarcoidosis, ii) bone loss was most marked in patients with hypercalcemia and/or hypercalciuria and iii) bone loss was most prominent in postmenopausal women with long-standing disease There are four major lines of clinical evidence to suggest that the endogenous extrarenal synthesis of 1,25(OH)2D in hypercalcemic/hypercalciuric patients with granuloma-forming disease or lymphoma is not subject to normal, physiologic (endocrine) regulatory influences [71, 72, 73] . First, hypercalcemic patients possess high or inappropriately elevated serum 1,25(OH)2D concentrations, although serum immunoreactive parathyroid hormone levels (iPTH) are suppressed and serum phosphorus concentrations are relatively elevated; if 1,25(OH)2D synthesis were under the trophic control of PTH and phosphorus as it is in the kidney, then 1,25(OH)2D concentrations would be low, not high or even normal. Second, unlike in normal individuals whose serum 1,25(OH)2D levels are not influenced by small to moderate increments of circulating 25OHD concentration, serum 1,25(OH)2D levels in sarcoidosis patients with widespread, active disease may increase substantially with relatively small increments in the serum 25OHD level. Third, serum calcium and 1,25(OH)2D concentrations are positively correlated to indices of disease activity; patients with sarcoidosis who have widespread disease are more likely to hypercalcuric or hypercalcemic. Finally, the rate of endogenous 1,25(OH)2D production, which is significantly increased in patients with sarcoidosis, is unusually sensitive to inhibition by immunomodulatory drugs and factors (e.g., glucocorticoids) that do not directly influence the renal CYP27B1 enzyme responsible for the synthesis of 1,25(OH)2D the hormone. These kinds of clinical data suggested three likely explanations for discrepancies in the regulation of vitamin D metabolism and action in health and in granuloma-forming disease: 1] there was more than one gene product regulating the synthesis of 1,25(OH)2D in these two states; 2] 1,25(OH)2D was the product of a single gene product but one which was differentially regulated in different tissues (cells); and/or 3] the active vitamin D metabolite in granuloma-forming disease co-purified with native 1,25(OH)2D, being bound with high affinity by the VDR but was structurally distinct 1,25(OH)2D. As detailed below, the second of these three options appears to be operative.
Cellular Source of 1,25(OH)2D in granuloma-forming diseases
Barbour et al [18] described an anephric patient with sarcoidosis, hypercalcemia, and a high serum concentration of an active vitamin D metabolite that was detected as 1,25(OH)2D. Subsequent structural studies showed that the hypercalcemia-causing metabolite was 1,25(OH)2D [74] , and that the extrarenal source of 1,25(OH)2D was the macrophage [19] , the cells that make up a significant portion in the prototypical inflammatory granulomatous lesions characteristic of the disease. More recent work has revealed that macrophage synthesis of 1,25(OH)2D is the consequence of expression of a single gene, the CYP27B1 [75] . As shown in Table 2 , clinical evidence for the extrarenal overexpression of the CYP27B1 gene can also be observed in a number of other granuloma-forming diseases, including be lymphomas and other malignancies; for example, immunohistochemical analysis of the human B-cell lymphomas associated with hypercalcemia and raised circulating levels of 1,25(OH)2D in the host suggests that the tumor itself is not a source of the steroid hormone. Rather macrophages adjacent to the tumor are likely to be the major site of 1,25(OH)2D synthesis [76] . Similar observations have been made for other hypercalcemia-causing tumors such as dysgerminomas [41] .
Regulation of the CYP27B1-hydroxylase in the macrophage
Like its counterpart in the kidney, the extrarenal CYP27B1 functions as a mitochondrial, mixed function oxidase with cytochrome P450 activity [77] . Using reconstituted mitochondrial extracts it has been shown that electron transfer to the cytochrome P450 and subsequent insertion of an oxygen atom in the substrate 25OHD requires the following: flavoprotein; ferredoxin reductase; an electron source, and molecular oxygen [77] . Both renal and extrarenal 1α-hydroxylase requires a secosterol (vitamin D sterol molecule with an open B-ring) as substrate [78] , and in the case of the kidney and macrophage the enzyme has a particular affinity for secosterols bearing a carbon-25-hydroxy group (i.e., 25OHD and 24,25-dihydroxyvitamin D [24,25(OH)2D]) [78] ; the calculated Km (affinity) of the CYP27B1 in pulmonary alveolar macrophages for these two substrates is in the range of 50-100 nM, which is similar to that observed in renal proximal tubule cells. Both renal and extrarenal 1-hydroxylase activities are inhibited by napthoquinones, molecules which compete with reductase for donated electrons and by the imidazoles which compete with the enzyme for receipt of O2 [79] . While the substrate-specificity and enzyme kinetics for the CYP27B1 appears to be the same for both kidney cells and macrophages [78] , as just noted the regulation of 1,25(OH)2D synthesis at these sites appears to be very different. For example, as previously noted in Table 1 the macrophage CYP27B1 is not induced by PTH, but it is very sensitive to stimulation by immunoactivators such as lipopolysaccharide [78] and Th1 cytokines, particularly interferon-γ (IFN-γ; [80] ). The molecular mechanism underpinning the expression of the CYP27B1 in the human macrophage has recently been elucidated employing ex vivo models of tuberculosis, another prototypical human granuloma-forming disease (see below).
Vitamin D, tuberculosis and innate immunity
Innate immunity encompasses the ability of the host immune system to recognize and respond to an offending antigen. In 1986 Rook and colleagues [81] described studies using cultured human macrophages in which they showed that 1,25(OH)2D can inhibit the growth of Mycobacterium tuberculosis (mTB). Although this seminal report was widely cited, it is only in the last few years that more comprehensive appraisals of the antimicrobial effects of vitamin D metabolites have been published. In silico screening of the human genome revealed the presence of a vitamin D response element (VDRE) in the promoter of the human cathelicidin gene, whose product LL37 is an antimicrobial peptide capable of killing bacteria [82] . Subsequent investigations confirmed the ability of 1,25(OH)2D [83] and its precursor 25OHD [84] to induce expression of cathelicidin in cells of the monocyte/ macrophage and epidermal lineage, highlighting the potential for intracrine/autocrine induction of antimicrobial responses in cells that also express the 25(OH)D-activating enzyme, CYP27B1. Although detectable in many immune cell types, functionally significant expression and activity of CYP27B1 appears to be dependent on cell-specific stimulation of a broad spectrum of immune surveillance proteins, the Toll-like receptors (TLRs). The TLRs are an extended family of noncatalytic, host cell transmembrane pattern-recognition receptors (PRRs) that interact with specific pathogen-associated molecular patterns or PAMPs shed by infectious agents and trigger the innate immune response in the host [85] .
In this regard, Liu and colleagues [86] used DNA array to characterize changes in gene expression following activation of the TLR2/1 dimer in human macrophages and dendritic cells by one of the PAMPs for mTB. Macrophages, but not dendritic cells, so-treated showed increased expression of both CYP27B1 and VDR genes and gene products with demonstrated intracrine induction of the antimicrobial cathelicidin gene with subsequent mycobacterial killing in response to exposure of cells to physiologically-relevant concentrations 25OHD as well as 1,25(OH)2D. In fact, microbial killing was more efficiently achieved with the pro-hormone 25OHD than with 1,25(OH)2D at similar extracellular concentrations, indicating that the robustness of the human innate response to microbial challenge is dependent upon the serum 25OHD status of the host. This concept was confirmed in these studies by the ability of 25OHD-sufficient serum to rescue a deficient, cathelicidin-driven antimicrobial response in human macrophages conditioned in vitamin D-deficient serum [87] . A similar vitamin D-directed antimicrobial generating capacity has been recently observed in wounded skin [88] , suggesting that TLR-driven expression of cathelicidin, requiring the intracellular synthesis and genomic action of 1,25(OH)2D, is a common response feature to infectious agent invasion. Reinforcing these events is the ability of locally-generated 1,25(OH)2D to escape the confines of the cell in which it is made to act on neighboring, VDR-expressing monocytes to promote their maturation to mature macrophages [89] , thus acting as a feed-forward signal to further enhance the innate immune response. While clinical evidence in support of this notion is beginning to accumulate [1] , the utility of vitamin D or 25OHD as adjuvant therapy to boost the human innate immune response in a therapeutic or preventive sense needs more in depth, prospective investigation in humans.
Macrophage and innate immunity
Subsequent studies have expanded the spectrum of macrophage innate immune responses regulated via intracrine activation of 25OHD to 1,25(OH)2D. These include the induction of other antibacterial proteins such as β-defensin 2 (DEFB4), which appears to require local generation of 1,25(OH)2D in conjunction with the transcription factor nuclear factor-kappa B (NF-κB) [90, 91] . A macrophage NF-κB response may be generated by a variety of means, including in response to the inflammatory cytokine interleukin-1 (IL-1; [91] ) and activation of the intracellular PRR NOD2 [90] . As noted above, 1,25(OH)2D induces expression of both LL37 and DEFB4 due to direct transcriptional regulation of their parent genes by 1,25(OH)2D-liganded VDR acting via an enhancing VDRE within the proximal promoters of the cathelicidin and DEFB4 genes [82, 83] .
Microbial killing in the human infectious diseases delineated in Table 1 occurs after internalization of the offending microbe by the macrophage. The internal environment of the fused lysosome-phagosome in which microbial killing takes place i) is strongly acidic in nature and ii) permits incorporation of specific antibacterial factors such as LL37 and DEFB4 [92] . Recent attention has focused on autophagy as a process that may enhance the management of phagocytosed pathogens. Autophagy is a cellular mechanism common to all eukaryotic organisms that involves membrane encapsulation of organelles or cell proteins in an autophagosome prior to fusion with lysosomes and degradation of the autolysosomal contents. In addition to its well-recognized function as a pivotal factor in the maintenance of cytosolic homeostasis [93] , autophagy also plays a key role in cellular response to infection, with pathogens contained in autophagosomes being either eliminated or degraded prior to presentation to PRRs, (e.g., TLRs; [94, 95] ). Recent studies have shown that TLR2-induction of CYP27B1 is associated with enhanced autophagy in the macrophage, indicating that this mechanism is also likely to be strongly influenced by bioavailability of 25OHD and localized intracellular generation of 1,25(OH)2D [96, 97] .
1,25(OH)2D and the adaptive immune response
The adaptive immune response is generally defined by T-and B-lymphocytes and their ability to produce cytokines and immunoglobulins, respectively, to specifically combat the source of the antigen presented to them by cells (i.e. macrophages, dendritic cells, etc) of the innate immune response. As previously noted (Figure 1) , the presence of VDR in activated, but not resting, human T-and B-lymphocytes was the first observation implicating these cells as targets for the noncalciotropic responses to 1,25(OH)2D [98] . Contrary to the role of locally-produced 1,25(OH)2D to promote the innate immune response, the hormone exerts a generalized dampening effect on lymphocyte function and the adaptive immune response. With respect to B cells, acting through the VDR 1,25(OH)2D suppresses proliferation and immunoglobulin production and retards the differentiation of B-lymphocyte precursors to mature, immunoglobulin-producing plasma cells. With regard to T cells, 1,25(OH)2D, again acting through the VDR, inhibits the proliferation of proinflammatory IFNγ-elaborating, macrophage-stimulating Th(helper)1 and chemokine-producing Th17 cells [99] . A much less robust antiproliferative effect of 1,25(OH)2D is exerted on immunosuppressive Th2 and regulatory T cells (Tregs) [100] , promoting their relative (compared to helper cells) accumulation at sites of inflammation by stimulating expression of the dendritic cell-derived T cell homing molecule, CCL22 [101] . In fact, it is this generalized ability of 1,25(OH)2D to quell the adaptive immune response which has prompted the use of the hormone and it analogues in the adjuvant treatment of inflammatory and neoplastic disorders.
Concerted immunoactions of 1,25(OH)2D
In sum, the collective action of 1,25(OH)2D is to promote the host's innate response to an invading pathogen, while simultaneously acting to limit what might be an overzealous adaptive immune response to that pathogen, representative of the process of 'tolerance'. Figure 2 shows a molecular schema by which 1,25(OH)2D-directed microbial killing is, on the one hand, amplified by the T-cell-driven adaptive immune response, but on the other hand kept in balance by a monokine-derived negative feedback control on T cell activity. Figure 2A depicts the example of stimulation of the TLR 2/1 by an mTB PAMP. Stimulation of TLR results in MyD88-coupled signaling through to NK-κB to elicit a monokine synthetic response [86] . Included among those TLR-responsive monokines are IL-15 and IL-1β. 1L-15 initiates expression of both the CYP27B1 and VDR genes in the host macrophage [102] , while IL1-β amplifies 1,25(OH)2D-VDR-driven expression of the antimicrobial cathelicidin and DEFB4 genes [91] , leading to phagolysosomal/autophagic killing of the ingested mTB [96, 103] . Release of IL-15 and IL-1β into the local microenvironment promotes the proliferation and lymphokine production by Th1 cells. Central among these Th1 lymphokines is IFN-γ, long recognized to be the most potent stimulator of the macrophage CYP27B1 [74] . Presumably through interaction with its receptor on the macrophage, IFN-γ promotes further upregulation of TLR/IL-15-driven CYP27B1 and VDR gene expression [102, 103] , enhancing antimicrobial production and microbial killing [96] .
If substantial amounts of 1,25(OH)2D escape the confines of the macrophage (Figure 2B ), then the immunostimulation and subsequent proliferation of VDR-expressing, activated, helper Th1 and Th17 (helper) T-cell populations, immunoglobulin producing B-cells and Th2 and Treg (suppressor) T-cell in that environment will be quelled (see Figure 1) . Because the antiproliferative effects on the helper cell populations are more robust than they are on suppressor cells, the net result is relative suppression of the adaptive immune response, with the major suppressive effect at the level of the CYP27B1-hydroxylating activity mediated by the Th2 product IL4 [103] . Only when the innate immune response is extreme and enough 1,25(OH)2D finds its way into the general circulation, as may occur in human granulomaforming disorders (see Table 2 ), are the endocrine effects of the hormone (i.e., hypercalciuria and hypercalcemia) observed.
Summary and conclusions
Although the existence of extrarenal production of 1,25(OH)2D by the human placenta and disease-activated macrophages has been recognized for many years now, the potential for this vitamin D metabolite to function normally in the host as something other than a calcium-regulating hormone is becoming more likely. The importance of 1,25(OH)2D as a normal functioning, locally-produced, locally-active immunomodulatory molecule in humans in vivo at the fetal-maternal interface in the placenta and/or at other sites of microbial/cancer cell invasion has been stymied by our inability to measure changes in the local concentration of 1,25(OH)2D at sites of immunoactivity in vivo. While there are examples of step-up gradients in the concentration of 1,25(OH)2D between the serum and loculated inflammatory sites, like the pleural fluid of patients with active tuberculosis [104, 105] , the potential for 1,25(OH)2D to balance the innate and adaptive immune response to foreign agents (e.g., fetus, mycobacteria, etc., see Figure 2 ) at a micro-scale in vivo remains real but unproven. Breakthroughs in the field await: 1] prospective clinical trial evidence that provision of 25OHD substrate to vitamin D-deficient individuals will i) improve maternal-fetal outcomes and/or ii) limit disease or protect against microbial infection in exposed individuals (e.g., close family contacts of patients with active tuberculosis); and 2] development of a means for detecting changes in the level and bioactivity of 1,25(OH)2D in the local intra-and extracellular inflammatory microenvironment of the host. Classes of lymphocytes designed to "help" (left; Th1, Th17 and immunoglobulin-producing B lymphocytes) and "suppress" (right; Th2 and Tregulatory [Treg] lymphocytes) the human immune response. When activated, all classes of lymphocytes express the vitamin D receptor (VDR). When exposed to 1,25-(OH)2D, the proliferation of each population is inhibited; the inhibition of proliferation is most profound in the "helper cell" classes, resulting in a net suppression of the adaptive immune response; the resultant relative increase in suppressor cell activity is indicated by the arrows. Shown in the left panel 2A is a simplified schematic of the 25-hydroxyvitamin D (25D)-regulated innate immune response to Toll-like receptor (TLR) activation of the human macrophage in response to interaction with a pathogen-associated membrane pattern (PAMP) shed from Mycobacterium tuberculosis (mTB) [86] . Upon activation of the TLR 2/1 receptor by an mTB-specific PAMP, the activated receptor engages the intracellular coupling molecule MyD88 which, in turn, stimulates a kinase cascade ultimately leading to the nuclear localization of NF-κB and transcriptional activation of monokine genes, including IL-15 [102] and IL1-β [91] . In an autocrine fashion IL-15 promotes the expression of the CYP27B1 (1-hydroxlase) and vitamin D receptor (VDR) genes. In the presence of intracellularly-generated 1,25-dihydroxyvitamin D (1,25D) , the ligand-bound VDR transactivates antimicrobial genes, cathelicidin and β-defensin 4, whose gene products, amplified under the autocrine actions of IL-1β, team with a 1,25D-directed autophagic response to promote microbial killing [96] . In a paracrine mode, IL-1β and IL-15 act to promote T helper-1 (Th1) cell generation of lymphokines, including interferon-gamma (IFN-γ), the most potent known stimulator of IL-15-driven CYP27B1 expression [103] . The net result is a feed-forward amplification loop to enhance microbial killing. The right panel 2B demonstrates interruption of the feed-forward loop by movement of 1,25D from the cell into the local inflammatory microenvironment when the CYP27B1-hydroxylating activity of the cell is robust. Escape of 1,25D permits it to interact with VDR-expressing helper (represented by Th1) and suppressor (represented Th2) cells [1] . Inhibition of "help" results in a decrease in IFN-γ production and downturn in macrophage 1,25D synthesis. Because the action of 1,25D to limit the proliferation and action of "suppressor" T cells is less strong, unopposed secretion of IL-4, a natural inhibitor of the CYP27B1, results in a further downturn in intracellular 1,25D synthesis and action. Table 2 Human granuloma-forming diseases associated with the extrarenal overproduction of 1,25-dihydroxyvitamin D. 
